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AINI’RAQ:

A new class of oscillators basc(l on plmtonic
(icviccs is~>rcselltc(l.  ‘I’llcsc  o]>to-clcctrollic
oscil  latms (01 0’s) generate micmwavc
osci 1 Ial ion by cxmvcr[ing  cent inuom cIIcrgy
from a light scmrcc  using a feedback circui[
which  jm]udcs a delay dcmcnt,  an clcc[ro-optic
swi[ch, and a Jimlodctcclor.  1 )iffcrcnt
configurate ions of 01 ;()’ s arc JM’CSClltCd  , each of
which may bc app] icd to a patlicu]ar  app]icat  ion
requiring ultra-high performance, or low cost
and small sire.
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Oscillators arc ubiquitous in a varidy  of
scientific, tccbnological,  and commercial
applications. in communication systems, all
receivers an(l transmitters process signals
gcmratc(l by, or compard  to, rcfcrcncc
frcquc.ncic.s produced by reference. oscillators.

in conventional oscillators, electrically
gcmmtc(l  frequencies are used jn colljLmction
wilh high Q resonators to prodLIcc rcfmcncc
sjgnals wjth high spcct ral pLwit y and/or
stability. Since the Q of these types of
rcson:ltors typically degrade with increased
frc(]mncy,  high performance reference signals
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obtained by mLdti]31yjng  the lower frc(]LK2my  of
a rcfcmncc oscil Iakw, at a cost of generating
multi ldicat  ivc noise. 1 kw optical and phokmic
systcIIN, in yet m additional step, Ihe clcclrical
sjgnals arc impinged cm an optical carrier,
fLMllcr aggravating the noise and the
complexity of the SyStCJllS,

Rcccntl  y we iatrodLmccl  a novel ose.illator  basc(l
m phot(mic components which directly
generates spcclral]  y pure and stable references
at 1-100 G] 17 region of the spectrum as
intensity modulations of all optical carric.r. ]
The first vcrsims  of this type of oscillator
(] ClllOIIStl’:ltC(l LllllM”CCC(]CIltCd  Sj)CChld  JX1l’ity  jll a
room tmymmtLm device  ad a potential fol
high stability. 23 Sjnce thal time, wc have
devised various techniques to opcrale these
oscjl lators wit Imut electrical amplifiers or fi IIc.rs
to further i mpmvc  their nojsc pcrfomancc.  ID
this paper wc will rcvjcw the basis of the
opcrat  ion of these osci 1 I at cm, and show new
l’CSLl]tS on ‘the operation of 01 03’s witlloLlt  If
amp] i ficrs or narrow-band fi ltcrs. Wc also
examine the. ullimatc potential d the 01X) as a
high s(itbility I.0 fm the new class of atomic
fl”C.(]LICIICy Stall(]aKiS,  SLICb W+ th tl”:ll>]>CCl  ion
slan(lard,  and the ccsiLlm  foLmtain.
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‘1’]IC ~};~)  jS :1 (iCViCC  that COIIVC1”[S  COlltiIILJollS
energy from a light source to stable, am]
spcct  ral 1 y pLuc oscjllat ions. ‘1’hc first version
of the 01 K) consisted of a pump laser and a
feedback circLlit  inclLding an jnlcnsity
mod ulalor,  an opt jcal fiber (May 1 inc., a
pholo(lctcctor,  an amp] ificr, and a filter, as
shown in l;jg. 1.

‘1’his oscil]at  or rcprcscnted  a parlicLllar  version
of the 01X), which in general can be ma(ic from
any light source together  with any (lcvicc that
can bc cmfigLwcd  jn a c]oscd ]oop to modLdatc
the intcmit y 01 phase of the optical carrier. ‘1 ‘he
fiber delay line which plays the role of the
convent  ional high Q rcsona[ot  for storing
cmcrgy (Ictcrmi ncs the spcct ra] quality of the
signal prodLIcc(l,  ‘1’hc vcrsjon shown in l~ig. 1,



however, is rcadi]y  amcnab]c to analysis 10
derive Ihc cxpcctcd performance of the
oscillator [Imrclica]ly.  Wc have used a modc13
by sc[ting the small signal gain of the, feedback
loop consisting of lhc IN) modulator, the
photodclcdor,  and the RI; amp]ificr 10 unity.
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1 ‘ig. 1 Generic conf’i:uraticm of tlm 010.

“1’hc signal ~,,,,(1) at the outpu( porl of the
amplifier corresponding 10 an i npu[ signal
V (1) al (1]c driving pml of the 1 K) modulatorIll
can bc. cxprcsscd  as:

~),,,(1)  = ~,,, {1 -- qsin 7r[l{,t(l)/Vm  + u,/v=l} (J)
where a is the fractional inscr[ion 10ss of the
modulator, V,, is its bias vol[agc,  IL is its half-
wavc vol tagc,  1;, is the input optical ]M3WCI, p
is the rcspcmsivity  of the detector, 1{ is the load
im]dancc of the detector, GA is t hc amp] ificr’s
voltage g,ain,  ),),, G cxl:p/2  is the cictcctcd
photocllrrcnt  , }(,,, E I1,,,RGA  is the photon
gcncratcd  voltage at the out]ml of the amplifier,
and ?) (ic.lc.rmines  the extinction ratio of the
modulator by (1 + ?))/(1 – q). Based cm this
mode], wc showed that the Ihrcshdd  condition
fOJ’ []]c oscillation may bc obtained as:

l;,,,  =’ v= /n , (2)

assumin~, ?) =- 1 ad V,{ = O or Vm.

As a next step, 1 k]. 1 may bc lincarimd through
the usc of a narrow bandwidth filter to block all
harmonic components of the signal. ‘llc rcsu]t
of this proccdurc  allows the application of the
superposition princip]c and rcgcncrativc
fccxiback  approach to cIcrivc  the s]mctral  power
density of the oscillation:

SK,, (f’) == -
6

(J/2 T)’ -t (27r)’(Tf’)’

for 2n,f’ T <<1

(3)

where .~’ is the. frcqLlcncy offset from the
oscil]a[icm frequency ,fi,,,, an(i 6 is the noise to
signal ra[io of the OJiO an[i is dc.fined as:

b ~- PNC;: /]:).,,  =

[4 k,,7’(Nl] + 2C),,,,I<  + NJ;,,RIG: p),,,
,(4)

whc.rc pA, is (1IC total noise density inpu[ to the
oscillator and is the. sum of the thermal noise
p,,,(,,,,,(,l  = 4 k,17’(Nl”) , the shot Jmisc

P.d,ol == z~’l,jhl~j  a~~(l the laser’s relative il~tCllsity

noise (RIN) pR,A, = lVR,~/~,,R  densities. II] liq.
(4), k,, is the ]lol[mlan constant, 7’ is lhc
ambient [Clll])C1’atLIJ’C,  ~~{’  is the l)OiSC faCtO1” Of
the R]; amplifier, e is the clcctrm  charge, 1,,,,
is lhc photocurrcn[  across the ]oad rcsis[or of
the photodctcet  or, atd NR,~ is the 1<1 N noise of
thC ])11111]) ]:iSC1.
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Fig. 2. OEO spectrum without an amphfler,

11 is clear from 1 k]. 3 that the noise of lhc
oscillator is influenced by the amplifier noise,
Yet the rcqLlircJncnt  for self-sus[aincd
oscillation given by I k]. 2 imp]ics that to
sustain oscillations in the loop (i.e. (;A =
oJ)ly the comiiticm l,,,, R 2 Vz /n has to bc
satisfid. ‘1’hus it is possible to obtain
oscillations with the 01 I) withou( an If’
amplifier am] its associated noise. ‘1’his

)

prc;iictiml is vcrificci cxpcrimcntal]y  witi~ an
oscillator operating without an amp]ificr.
] ‘i~lll’C  2 l’C]>l’CSClltS  thC  S])CCtJ”Lllll Of thC Si~l’lal



of such an 01 K) with a 1 km delay at a
frcquc.ncy of about  30 MIM.
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1 ‘jg, 3. ‘]’hc l)ua] 1 .cmp 01 K)

W]lh the climjnation of the amplifier, all other
comlxmcnts,  cxccpt  for the film, arc ]Jhotonic.
‘1’hc filtu is required to obtain a sil~glc  nmlc
opcrat ion of the 0110 which is inhcrcntl y a
multi-mode device. The long delay producd
by the fiber to improve the mist ]mformancc
m ]M’cscri bcd by 1 k]. 3 above, ]mxluccs C1OSC
]nodc spacing and thLls ncccssjtatc  [hc usc of a
narrowban(i  Jf filter.

Wc have rcccnt]y  dcmomtratcd  the o]mralicm  of
the 01X) with a wide bandwicith rf filter. This
was achicvcd by utili~,ing  a shori optical delay
line (1’ibcr) in a sccoJKl  feedback loop, as
shown ill l?ig.  3.

in this configuralim,  the open loop gain of
cd of the two loops is jndivjdLlally  less than
unity, but their sum js larger than one. ‘1’hc
01 iO’s oscil]at ion frcqucmy k dctcmincd  by
both loops since the frcqucncics  in each loop
must a(ki up  in phase for self sustained
oscillations. It can bc easily shown that the
shmlcr loop dctcrmincs  the mode spacing,
which bc.cause of tbc small delay, is latgc,
while the longer  loop results in low pbasc
misc.  ‘J’bus a widcbmd  rf filter sllfficcs to
produce low noise oscillations in (his dlJal  loop
01 n.
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While the high spectral purity of the OliO has a
number  of j mpmlant a]y>lications,  the
rcalimztion  of a high]y stable oscillator based
on this spectral pLwity  is of great sjgnificancc  to
the new, ullra-stab]c,  class of atomic frequency
standards. 1 n the 1 incar  trapped i cm standard
(I ,11’S), for example, the potential stabj]ity of 2
x 1 ()” ‘dk 1 ‘z js not real inblc without a fl ywhcc]
oscillator, or an 1.0, capab]c of the same
stability for intcrva]s  up to aboLlt 30s lm]g,
corresponding to tbc cqnaticm  cycle of the
I .1’1’s. Silnilar 1.0  J’C(]Lli~CJllCJltS  also exist fCJJ’
the ccsiuJl]  fountain stan(i:ids.

‘1’hc stability of the 01;0 is primarily
dctcmincd  by the stability of the long fibcJ
loop. ‘1’his is bccamc. the electrical and
]htol)ic  COJll]X)JIC1ltS  Of the 01 ;() Jmay be
chosen 10 pl’o(iLlcc  IIlillillla]  phase varia(ioJJs iJl
the (iJnc jntcJvals  of jntcrcst.  ‘1’hc opticxd  fiber,
by contrast, sets the limjl for the minimum
variations of the phase, ami the coJrcsponcliJlg
variation in the frcqucJ)cy  achicvab]c  wjth the
01~0. A mmplctc amlysis of the ul(imatc
achicvab]c stability of the 01 K) rcqLlirc.s  the
analysis of all the parameters that change the
]lhasc, including stinlLllatc.(i  Rwmm, and
1 lrouil lon noise in lhc fiber, ad (I1c
fLlndamcJ~tal  thermal fluc[LlatioJjs  of the fiber
lcJlgth at any fixed lcmpcraf  urc. “1’hcsc
parameters arc ncvcrthc]css  quite small
coJlq]arc(i  10 the phase delay pmluccd  iJl the
fiber duc to variations of lhc ambient
tCJll13ClatLWC..  WC thLIS ]iJllit OLllSC]VCS to thC
umsidcration  of tbc thermal stability achicvab]c
in the fibcJ dc]ay loop.

SiJlcc  the fibcJ” wi(h the sJmd]cst  the.rmal
c.ocfficicnt  of dctay (’I’(U)) yields Ihc highcs(
loJ]g term stability, wc pcrfoJ’m the fo]]owil~g
calcLllat  im based OJ) the fiber Jnanufac.t  urc.d by
the Sumotomo  conlpany.  ‘1’his type of fiber
has zcJO cocfficjcnt  of delay al a fixed
iClll])CI:i( LIIC, USlld ]Y ChOSC.JI t O bc. 20 dC~J’CCS
~;c]sius. WC have prcvimsly  characterized the
phase delay for this fiber and had dctcrll]incd
that the rcsi(iml vari at ions of the phase dcl ay
with small deviations from the tcmpcr:itLtrc of
ZCJ’O dC]:ly, ‘]’~), is parabolic and may bc given
as:

{)(y’)  = (/+- h(y’ -- y;))’ (] C~/JN (5)
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Wllrl’c a was found from tllc data to bc -().802.
Using  this equation, for a signal with 2 GIlz
frcqmncy Ibc frcqLlcncy instability
corrcs]mdng  to ‘J’() = 5 dcg, held to 1 m ‘Cl, js
coI]Iputc(i  to bc 1.57 x 10”]4. ‘J’his  value is
cnc{nm~ing,  since it js in the range of intmcst
for 1,0 applications. It also correspomis  to
]ld(]ill~ tiK tCllll>Cl”:itLJl”C Of thC fibCl tO a OIIC. 111
T ICVCI, which is rcaciily achievable. If tbc
tcllq)craturc of tbc fiber is maintaimxi  to 0.01 m
‘(~, tbcn anotbcr  or(icr of nlagnitLl(ic  in ti~c
stabiiity  wili be. rcacbc(i.

As mcntionc(i  above, careful (ictcmination of
tbc ultimate acbicvablc.  stability at the ICVCIS  of
interest require.s accountil]g for all otbcr
sourccx of noise, inclu(iing  rc.si(iuai  instabi]j(y
duc [hc variations of tbc laser frequency. Wc
arc cmmnt 1 y engaged in the dctcrmi nation  of al 1
sources of noi SC, ami tim quant ificat ion of their
contribution to the achicvab]c  frcqmlcy
stabi]ity wjtb tbc OliO.
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‘1’ilc 01 K) is a novc] t ypc of oscillator which INN
al mid y ]woducc.d  impressive performance.
llccaLlsc of its pbysicai basis,  Ihc OliO js
parlicular]y  uscfu] in apJ31icatiom  where the
bigbcst  spc.ctral purity  pc.rfcwmancc  is rccpirccl
at fl’C(]LICJICi  CS J’all~ill~  flOlll  :1 fCW tO Ill:lIly tC.JIS
of [i] IY,. ‘1 ‘hc t hcorctical  n lo(icl cicvcJo]>c(i  for
tbc pcrfomancc  paramctcls  of the 01 K)
succcssfu] 1 y confirms t ilc experimental results.
1 par[icularj  it was showJl both thcorc.ticaily  an(i
cx])cJi mcmt all y that tbc 01;0 may operate
witlmu( an rf amJiificr in its fccxlback  loop.
‘1’bc JIcc(i for a ban(iJ3ass  fiitcr was also
climina[c(i  by ti~c usc of a dual JOOp
cxmfi~urat  ion. According 10 tbc mdcl tbc
nojsc of the 01 K) js pmiictc(i  to bc limited by
li]c amplitmic noise of the lascJ,  an(i  may bc
Ic(lllccd to tbc  Snot Jloisc ICvcl of t}lc
]imtodctcctor. ‘1’his prcdicticm wili bc ]mrsucd
in fut UIC cxJlcri  mcnt a] work,

WC, also sbowccl  that tbc stabilit y of an
Oscj t ]:itm based OJI the 0] io may bc limited
above OJIC sccon(i iJltcgIat  ion ti mcs by the
tbcmal stability of the ]mg  fiber (ic.]ay ]inc.
1 ‘oJ tllc special fiber with zcm coc.fficicnl  of

delay, wc sllowc(i  that stability of better ti]an
two paJW in 1014 may bc obtained. “1’INJs the
01 K) JIokis tlm promise of pJx~viding  a simple
ami  high pc.rforJnancc  local osci 1 I atoJ  foJ t hc
JICW c]ass Of Ll]tl’:1-Stab]C.  :ltOIlliC sl:ul(]ds.
1 ‘ur[bcr work in our laboratory is planned to
real iy,c t ilis imJ30rlatlt  fund ion of the 01X3.
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